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ABSTRACT 

The tensile strengths, ultimate elongations, and folding endurances of films 
prepared from a series of cellulose acetate fractions and blends were studied. 
When the mechanical properties are plotted against the intrinsic viscosities (or 
relative weight-average degrees of polymerization), the results for the fractions 
and different blends fall on separate curves. In contrast, when the mechanical 
properties are plotted against the number-average degrees of polymerization, the 
results for the fractions and all of the blends fall approximately on a single curve 
for each property. The results are shown to be qualitatively consistent with the 
hypothesis that the mechanical properties of blends are the weight-averages of 
the properties of their components. The results emphasize the importance of the 
determinations of the number-average degree of polymerization in studying 
commercial polymolecular materials. 
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I. INTRODUCTION 

High polymers are in general polymolecular; that is, heterogeneous 
with respect to molecular size. The problem of the influence of the 
degree of polymolecularity on the mechanical properties of such 
materials is an important one, and it has received considerable study 
in recent years. The detailed results of these investigations are 
reviewed elsewhere [1, 2, 31 2 . The procedure generally followed in 
these studies was to fractionate a polymer with respect to molecular 
size, and compare the mechanical properties of the fractions with 
those of blends. There has been substantial agreement among the 
more recent investigators that fractionated cellulosic materials are 
superior in mechanical properties to blends of the same intrinsic 
viscosity; i. e., the same weight-average molecular weight [1, 4, 5]. 
In particular, it has been found that the presence of material of low 

* Research Associates at the National Bureau of Standards representing the Textile Foundation. 
2 Figures in brackets indicate literature references at the end of this paper. 
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molecular weights exerts a harmful influence on the mechanical 
properties of blends. These results appear to be unambiguous only 
for unoriented or slightly oriented specimens; it is quite possible that 
other conclusions may be reached when oriented or crystallized ma- 
terials are considered. 

In an approach to this problem some time ago, a large quantity of 
commercial cellulose acetate was fractionated in this laboratory [6], 
and some of the mechanical properties of the fractions and their 
blends were studied [4]. It was found that these mechanical proper- 
ties were more closely related to the number-average than to the 
weight-average DP's 3 of the samples. However, the DPJs were at 
that time calculated from viscosity measurements at only one con- 
centration (by means of Staudinger's rule), and the DP n 's of the 
blends were calculated under the assumption that the fractions were 
perfectly homogeneous. The DP n 's of the fractions have now been 
determined experimentally by osmotic pressure measurements in 
acetone solution, and their intrinsic viscosities have been determined 
in the same solvent 17]. It is the purpose of this discussion to re- 
examine the data for the mechanical properties of the fractions and 
blends in the light of these new measurements of DP n and intrinsic 
viscosity. In addition, examination of the data shows that to a 
first approximation the mechanical properties of the blends are the 
weight-averages of the properties of their components; i. e., 

Property biend^ gr~ * > (1) 

where w t is the weight of the molecular species with a mechanical 
property P*. It will be shown that the experimentally obtained 
relationships between the mechanical properties and the DP n 's and 
intrinsic viscosities are all consistent with this relationship. 

II. RESULTS AND DISCUSSION 

The separation of the fractions [6], measurement of the osmotic 
pressure values and intrinsic viscosities [7], and the preparation and 
mechanical testing of films of the fractions and blends [4] have been 
described in detail elsewhere. 

1. MECHANICAL PROPERTIES AS A FUNCTION OF INTRINSIC VIS- 
COSITY AND NUMBER-AVERAGE DEGREE OF POLYMERIZATION 

Figure 1 shows the tensile strengths of the fractions as a function 
of their intrinsic viscosities (upper graph) and DP n 's (lower). In 
considering these and subsequent data (figs. 1 to 6), the intrinsic vis- 
cosity may be taken as a direct measure of DP W on the basis of Kraem- 
er's results [8] and because of the linear relationship between DP n 
and [rj] (intrinsic viscosity) found for the fractions [7]. Because of 
the uncertainty in the value of Kraemer's constant, the data have 
been plotted as a function of [77] rather than of DP W } The curves have 

3 The weight-average and number-average degrees of polymerization will henceforth be written DP* 

and DP n , respectively. 

* The scale of the axis of abscissae in each upper graph of figures 1 to 6 has, however, been so adjusted that 
it compares directly with the DP axis of the lower graph, assuming Z)J a «,=230 [y] (Kraemer's relationship). 
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Figtjee 1. — Tensile strengths of cellulose acetate frac tions as a function of intrinsic 
viscosity (upper graph) and DP n (lower). 

a large slope in the region of small chain length, followed by a grad- 
ually decreasing slope which may represent an approach to an asymp- 
totic value for very high DP's. Similarly shaped curves have been 
observed for numerous polymers [9]. The fraction of lowest chain 
length (Z)P n =43) was so brittle that it would not form a coherent 
film of sufficient size to be tested by ordinary technics, and it has 
therefore been assigned a strength of zero. Small fragments of this 
sample were tested by special technics, however, and a strength as 
high as 250 kg/cm 2 was obtained. This result suggests that the fail- 
ure to obtain measurable strengths for this and other samples of 
very low DP results from the inadequacy of the film casting and test- 
ing technics, rather than from the weakness of the sample. Although 
it is true that such materials have zero strength as far as their practi- 
cal utilization is concerned, the possibility exists that the curve re- 
lating strength to DP would pass through the origin if suitable test- 
ing technics were used. 

Figure 2 shows the ultimate elongations of the fractions, plotted in 
the same manner as the tensile strength results. The shapes of the 
latter curves are generally similar to those for the tensile strength 
data, except that the approach to a limiting value is completed at a 
lower DP for the ultimate elongation results. As shown in figure 3, 
entirely analogous results were obtained for the measurements of the 
folding endurances of the fractions (made on a Massachusetts Institute 
of Technology Fold Tester). 

In order to study the effect of distribution of chain length on 
mechanical properties, blends were prepared from pairs of the frac- 
tions. The major portion of the work on blends was done with three 
series, prepared by mixing in various proportions pairs of fractions of 
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Figure 2. — Ultimate elongations of cellulose acetate fractions as a function of intrinsic 
viscosity (upper graph) and DP n (lower) . 
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Figure 3. — Folding endurances of cellulose acetate fractions as a function of intrinsic 
viscosity (upper graph) and DP n (lower). 

the following DP n 's: 502+43, 502 + 127 and 502+204. (These same 
pairs of fractions are identified by their intrinsic viscosities of 
2.75 + .2S, 2. 75 + . 70, and 2.75 + 1.37, respectively.) A number of 
miscellaneous blends and the starting material were also studied. The 
intrinsic viscosities and DP n 's of the blends were calculated from 
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their known weight compositions and the intrinsic viscosities and 
DP n 's of the fractions. 5 
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Figure 4. — Tensile strengths of blends of cellulose acet ate fractions as a function of 
intrinsic viscosity (upper graph) and DP n (lower). 
The curve for the fractions (traced from fig. 1) is included for comparison. 

Figure 4 shows the tensile strengths of the blends as a function of 
both their intrinsic viscosities (upper graph) and DP n 's (lower). 
The respective curves for the fractions, traced from the smooth curves 
of figure 1, are included for comparison. As shown by the upper 
graph of figure 4, the strengths of the blends are in general lower 
than those of the fractions whe n t he results are plotted against 
intrinsic viscosity (or relative BP W ). Further, the discrepancy 
between the curve for the fractions and that for a series of blends 
appears to increase with increasing difference in chain length between 
the components in a given series. Thus, the open circles, which 
represent blends of the longest and shortest chain lengths, fall farthest 

6 The intrinsic viscosities of the blends were calculated from the formula 

Wblend^flWl+Mvh, 

where fi and H are the weig ht fr actions in the blend of the components of intrinsic viscosities [*?]i and hJa, 
respectively. The values of DP n for the blends were obtained from the relationship 



dp, 



%lend f x 



h 



DP ni DP„ 2 

where /i and /a are the weight fractions in the blend of the components of DP ni and DPn 2 , respectively. 

Calculated rather than experimental values of [y] and DP n for the blends were used because of the un- 
questioned validity of the calculation procedure, and because samples of the original blends sufficient for 
the experimental measurements were not available. 
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below the curve for the fra ction s. In contrast, when the tensile 
strengths are plotted against BP n (lower graph, fig. 4), the results 
for the blends, including the starting material and a number of mis- 
cellaneous blends not shown in the upper graph, in general fall closer 
to the smooth curve for the fractions. However, the open circles 
(which represent blends of the longest and shortest chain lengths) 
fall consistently somewhat above the smooth curve. The possible 
cause for this will be discussed below. 

The results of the ultimate elongation measurements on blends 
(fig. 5) are qualitatively similar to the tensile strength data, but the 
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Figure 5. — Ultimate elongations of blends of cellulose aceta te fractions as a function 
of intrinsic viscosity (upper graph) and DP n (lower) . 

The curve for the fractions (traced from fig. 2) is included for comparison. 

differences between the upper and lower graphs are more clearly 
defined. In the upper graph, the curves for the blends of fractions 
of intrinsic viscosities 2. 75 + . 23 fall markedly below the smooth curve 
for the fractions (traced from fig. 2), the results for the series 2. 75 + .70 
are intermediate, and those for the series 2.75 + 1.37 are quite close 
to the curve for the frac tions . In the lower graph, in which the 
results are plotted against DP ni all of the results for the blends fall 
fairly close to the curve for the fractions; the open circles, however, 
again consistently fall somewhat above the smooth curve. 

The results for the folding endurance measurements (fig. 6) are 
analogous to those for the ultimate elongations. The differences 
between the blends and fractions are again large when the results are 
plotted against intrinsic viscosity. The results for the series 2.75 + 
1.37 appear to fall somewhat above the smooth curve for the frac- 
tions, but it is possible that this difference results from the variability 
inherent in folding endurance measurements rather than any actual 
superiority of the blends. As shown by the lower graph of figure 6, 
the results for all t he bl ends once more fall fairly close to the curve for 
the fractions when I)P n is taken as the i ndependent variable. Again, 
however, the results for the series DP n 's 502+43 (open circles) fall 
slightly above the curve for the fractions. 
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Figure 6. — Folding endurances of blends of cellulose acetate fractions as a function 
of intrinsic viscosity (upper graph) and DP n (lower) . 

The curve for the fractions (traced from fig. 3) is included for comparison. 



2. ADDITIVITY OF MECHANICAL PROPERTIES 

The results described above demonstrate tha t the m echa nical 
properties of blends are more closely related to DP n than to DP W . It 
can be sh own that this closer relationship between mechanical prop- 
erties and DP n is consistent with two factors: the shape of the curve 
relating mechanical properties to DP for the fractions, and the 
fact that the mechanical properties of a blend are the weight-averages 
of the properties of their components (eq 1). The second point will 
be considered first. 

Examination of the tensile strength data for the blends reveals 
that if a strength of approximately 260 kg/cm 2 is assigned to the frac- 
tion of lowest DP, for which no precise experimental value could be 
obtained, the strength of each blend is the weight-average of the 
strengths of its components. This is shown in figure 7, in which 
the observed strength of each blend has been plotted against the 
value calculated (according to eq 1) from the weight percentages and 
strengths of the fractions of which it is composed. A line of 45-degree 
slope passing through the origin is included in the figure for comparison. 
The one blend which departs seriously from the line (observed strength, 
0; calculated strength, 310) was a 95:5 mixture by weight of the 
fractions of shortest and longest chain lengths, respectively. This 
blend, like the fraction of lowest DP, was too brittle to give a film 
suitable for testing. 

A similar relationship between the observed and calculated ultimate 
elongations of the blends can also be demonstrated, but because of the 
lower precision of these results, the agreement between the observed 
and calculated values is not so good as for the tensile strength measure- 
ments. The folding endurances of all the blends except those contain- 
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CALCULATED TENSILE STRENGTH, KG/CM 2 

Figure 7. — Observed tensile strengths of blends of cellulose acetate fractions as a 
function of strengths calculated according to assumption that strengths of fractions 
are additive (eq 1). 

The 45° line is included for reference. For complete description, see text. 

ing the fraction of smallest chain length (Z>P»=43) are also approxi- 
mately additive. For the latter blends , the folding endurance values 
are additive only if the fraction with a DP n of 43 is assumed to have 
a negative folding endurance. This somewhat unreasonable result is, 
however, con siste nt with the shape of the curve relating folding 
endurance to D P n for the fractions (fig. 3), as extrapolation of this 
curve to a DP n of 43 would lead to a negative folding endurance. 

It is now of interest to examine the consequences of applying the 
concept of additivity of mechanical properties to curves relating such 
properties to chain length for fractionated materials. For this 
purpose, the curve shown in figure 8 was chosen. It should be em- 
phasized, however, that the results described below would be qualita- 
tively similar if any of the experimental curves of figures 1 to 3 were 
used in this discussion. Figure 8 is a theoretical curve calculated 
from the equations of Sullivan [10], relating strength and fiber length 
of yarns which are perfectly homogeneous with respect to fiber 




Figure 8. — Theoretical curve, 



RELATIVE 



relating strength to DP for perfectly homogeneous 
polymers. 
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length. 6 It differs qualitatively from typical experimental curves 
only in that it passes through the origin. As suggested above, 
however, the failure of the experimental strength-DP curves to pass 
through the origin may well result from technical difficulties in film 
preparation and testing. In any case, this difference does not seriously 
affect the conclusions drawn below. 

Figure 9 shows the strengths of blends, calculated from the curve of 
figure 8, assuming additivity of strength. As in the experimental 
curves, the strengths have been plotted on both weight- and number- 
average bases. Results for four series of blends have been plotted, 
representing varying proportions of the following pairs: 4 + 10, 2.5 + 
10, 1 + 10, and .01 + 10. The numbers have been so chosen that the 
first three of these approximately represent the three series of blends 




RELATIVE NUMBER- AVERAGE DP 



Figure 9. — Theoretical curves , relating strength to DP W (upper graph) and DF y n 

{lower) for blends of homogeneous polymers. 

The curve for the fractions is identical with that given in figure 8. See text for complete explanation. 

studied experimentally, and the last is roughly equivalent to blends 
of the fraction of highest DP and a monomer. As shown by the 
upper graph of the figure, when the results are plotted on a weight- 
average basis, the calculated strengths of the blends fall on straight 
lines below the curve for the fractions. The extent of the departure 
from the curve for the fractions increases with the disparity between 
the chain lengths of the components in a pair. In contrast, when the 
results are plotted on the number-average basis, the curves for the 
blends of pairs 4+10 and 2.5+10 fall directly on the curve for the 
fractions. The curve for the pair 1 + 10, which corresponds to the 

« According to Sullivan's analysis [10], to the left of the broken line in figure 8, yarn breakage occurs solely 
by slippage of the fibers. As the strength is contributed solely by frictional forces in this range, it is directly 
proportional to fiber length. To the right of the broken line, the frictional forces are sufficiently large to 
cause some fiber breakage, and the strength approaches asymptotically to a maximum value at which all 
fibers break. The analogy between frictional forces between fibers in a yarn and interchain forces in a film 
or filament is fairly close, but it is not suggested that the breaking in tension of a film can be explained in 
terms of this analysis. Thus, the breaking of a film includes a complex process of flow and crystallization, 
for which there is no counterpart in a yarn. The two processes do, however, contain a number of interesting 
points of similarity. 
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experimental blends of the longest and shortest chain lengths, falls 
slightly above the curve for the fractions, as did the open circles in 
the lower graphs of figures 4, 5, and 6. The curve for the pair .01 + 10, 
however, falls far above the curve for the fractions, which result is 
also in accord with experience [3]. Thus, these curves, which merely 
represent a statement of the weight-additivity of the strength, re- 
produce all of the features of the experimental data. It is perhaps 
worth noting that the series 1 + 10 (and the corresponding experi- 
mental series, as well) contains blends considerably more hetero- 
geneous than the common unplasticized commercial polymers. Thus, 
some of the blends in this series have a ratio of DP w /DP n higher than 
3, as compared with a value of about 2 for most ordinary polymers. 
Even for this series, however, the mechanical properties are much 
more closely related to DP n than to DP W . 

The discussion above provides only a limited and qualitative 
approach to the problem of the mechanical properties of blends as 
related to the properties of their components. Further, the con- 
clusions should be taken as applying principally to strength proper- 
ties, rather than to the more complicated properties such as ultimate 
elongation and folding endurance. It is felt, however, that the con- 
cept of additivity of mechanical properties should prove helpful in 
some types of practical work, and may provide a basis for a more 
detailed analysis of the problem. 

III. CONCLUSION 

The results described above indicate the importance of DP n in 
considering the mechanical properties of linear polymolecular poly- 
mers. It has bee n shown that the interdependence of mechanical 
properties and DP n over a considerable range of chain lengths can be 
explained in terms of the weight-additivity of mechanical properties, 
and the shape of the curves relating these properties and the DP for 
fractionated materials. The results suggest that further attention be 
given to the use of osmotic pressure methods and other methods for 
determining DP n in industrial work. 
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MTl 2. Table of Natural Logarithms, Volume IV: Logarithms of the decimal numbers from 
5.0000 to 10.0000, to 16 places of decimals. (1941) XXII-j-506 pages; bound in buckram, $2.00. 

MT13. Table of Sine and Cosine Integrals for Arguments from 10 to 100: (1942) XXXII-}- 185 
pages; bound in buckram, $2.00. 

MT14. Tables of Probability Functions, Volume II: Values of these functions to 15 places of 
decimals from to 1 at intervals of 0.0001 and from 1 to 7.8 at intervals of 0.001. (1942) XXI + 344 
pages; bound in buckram, $2.00. 

MTl 5. The Hypergeometric and Legendre Functions With Applications to Integral Equa* 
tions of Potential Theory. By Chester Snow, National Bureau of Standards. Reproduced 
from original handwritten manuscript. (1942) VII +3 19 pages, bound in heavy paper cover. 
$2.00. 

MT16. Table of Arc Tan x: Table of inverse tangents for positive values of the angle in radians. 
Second central differences are included for all entries. x=|0(.001)7(.01)50(.l)300(l)2,000(10) 
10,000;12D1 (1942) XXV-f 169 pages; bound in buckram, $2.00. 
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MTl7. Miscellaneous Physical Tables: Planck's Radiation Functions (Originally published 
in the Journal of the Optical Society of America, February 1940); and Electronic Functions. 
(1941) VII + 58 pages; bound in buckram, $1.50. 

MT18. Table of the Zeros of the Legendre Polynomials of Order 1— 16 and the Weight 
Coefficients for Gauss' Mechanical Quadrature Formula. (Reprinted from Bui. Amer. 
Mathematical Society, October 1942.) 5 pages, with cover, 25 cents. 

MT19. On the Function H (m, a, x)— exp (—ix)F {m-\-l—ia t 2m-|-2; ix); with table of the 
confluent hyper geometric function and its first derivative. (Reprinted from J. Math. Phys., 
December 1942.) 20 pages, with cover, 25 cents. 

MT20. Table of Integrals I Jo(t)dt and I Yu(t)dt. (Reprinted from J. Math. Phys., May 
1943.) 12 pages, with cover, 25 cents. 

MT21. Table of Ji (x)= I -7— dt and Related Functions. (Reprinted from J. Math. Phys., 

June 1943.) 7 pages, with cover, 25 cents. 

MT22. Table of Coefficients in Numerical Integration Formulae. (Reprinted from J. Math. 
Phys., June 1943.) 2 pages, with cover, 25 cents. 

MT23. Table of Fourier Coefficients. (Reprinted from J. Math. Phys., Sept. 1943.) 11 pages, 
with cover, 25 cents. 

MT24. Coefficients for Numerical Differentiation With Central Differences. (Reprinted 
from J. Matn. Phys., Sept. 1943.) 21 pages, with cover, 25 cents. 

MT25. Seven-Point Lagrangian Integration Formulas. (Reprinted from J. Math. Phys., 
Dec. 1943.) 4 pages, with cover, 25 cents. 

MT26. A Short Table of the First Five Zeros of the Transcendental Equation. 
Jt)(x)Y i .(\x}—]o(kx)Y ii {x)=0. (Reprinted from J. Math. Phys., Dec. 1943.) 2 pages, with cover, 
25 cents. 

MT27. Table of Coefficients for Inverse Interpolation With Central Differences. (Re- 
printed from J. Math. Phys., Dec. 1943.) 15 pages, with cover, 25 cents. 

n' 
MT28. Table of /*(*)= 73 jTn J»W- (Reprinted from J. Math. Phys., Feb. 1944) 16 pages, with 

cover, 25 cents 

MT29. Table of Coefficients for Inverse Interpolation With Advancing Differences 
(Reprinted from J. Math. Phys., May 1944.) 28 pages, with cover, 25 cents. 

MT30. A New Formula for Inverse Interpolation. (Reprinted from Bui. Amer. Mathe* 
matical Society, Aug. 1944.) 4 pages, with cover, 25 cents. 

MT31. Coefficients for Interpolation Within a Square Grid in the Complex Plane. (Re- 
printed from J. Math. Phys., Aug. 1944). 1 1 pages, with cover. 25 cents. 

MT32. Table of Coefficients in Terms of the Derivatives. (Reprinted from J. Math. Phys. 
Nov. 1944.) 4 pages, with cover, 25 cents. 

Payment is required in advance. Make remittance payable to the "National Bureau of Standards'* 
and send with order, using the blank form facing page 3 of the cover. 

A mailing list is maintained for those who desire to receive announcements regarding! new tables 
as they become available. 



